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1. 
I. ABSTRACT 
The dynamics of flow in the shell of a model baf-
fled heat exchanger was studied by transient testing. 
A step-down disturbance in concentration was produced 
at the inlet to the first section of the shell, and 
the response was internally monitored at the inlet to 
each shell section of the exchanger. Each of these 
response curves was analyzed by several different 
graphical methods to obtain a transfer function for 
each of the individual sections. 
It is shown that from the section volume and flow 
rate, a time constant,e , can be obtained for the sec-
tion, and a time delay,'1;', estimated. The transfer 
function for the section is 
"nu section exchanger is 
- "cs 
e 
es-+ 1 
-M~S 
e 
and that for an 
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2. 
II. INTRODUCTION 
Knowledge of system dynamics is a requisite for ef-
ficient and economical design of system components and 
is required to develop proper system controls. This 
study has been undertaken to establish a better under-
standing of shell side dynamics of baffled heat ex-
changers. 
Up to the present time, researchers have investi-
gated the dynamics of shell and tube heat exchangers 
by applying a step, pulse, or sinusoidal disturbance 
to the shell side inlet and monitoring the resulting 
outlet disturbance. There has been no attempt to ex-
perimentally study the dynamics of the individual baf-
fled sections of a heat exchanger shell. If a dyna-
mic model for each section could be formulated, then 
it would be possible to synthesize a dynamic model for 
the entire shell. T. J. Williams and H. J. Morris (6) 
have suggested that the best model of a baffled shell 
and tube heat exchanger would consist of a distributed 
parameter representation for tube fluid and tube wall, 
and a lumped parameter representation for the shell 
side fluid and baffles. Ideally, each baffled section 
would be a separate section of the lumped parameter 
model. 
In order to establish the dynamics of each indivi-
dual section of the baffled heat exchanger, it was de-
cided to apply a step disturbance to the shell side in-
let and monitor internally the response at the inlet of 
each section of the exchanger. Thus parameters could be 
determined allowing calculation of a transfer function 
for each section. From these individual transfer func~ 
tions, the transfer function for the entire exchanger 
could be synthesized. 
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III. DESCRIPTION OF EQUIPIIBNT 
The equipaent used in the course of this study con-
sisted of the main flow system (Figure 1), the tracer 
system (Figure 2), the heat exchanger model (Figures 3 
and 4), and the concentration monitoring system (Figure 
5). 
Main Flow System (Figure 1). City water was al-
lowed to flow into a 55-gallon drum at a rate sufficient 
to maintain a fairly constant level. Water was pumped 
from this drum to a 5-gallon constant head tank by a 
Goulds centrifugal pump (size 1). Another Goulds centri-
fugal pump (size 1) pumped water from the constant head 
tank through a flow controlling needle valve, a Fisher 
and Porter Co. Precision Bore Flowrator (Tube No. 
B6-35-10/77), a gate valve, approximately 25 feet of 
1/2-inch standard steel pipe, and 2 1/2 feet of 3/4-inch 
I.D. rubber hose to the inlet of the heat exchanger model. 
Flow from the model was to a 1/2-gallon tank which was 
connected to the drain by 1-inch pipe. 
Tracer System (Figure 2). Tracer solution (approxi-
mately 44.1 grams of salt per liter of solution) was 
charged to a storage tank which was pressurized with air 
to between 10 and 22 psig. Greater pressure was required 
to inject tracer at the high water flow rates because 
of increased pressure drop across the exchanger and mix-
ing baffle. Tracer flowed from the bottom of the pres-
surized tank in 1/4-inch copper tubing through a needle 
valve, two stop cocks, and a Fisher and Porter Co. Preci-
sion Bore Flowrator (Tube No. 2-F 1/4-20-5/70) to an 
Automatic Switch Co. solenoid valve (Kodel No. 82624). 
After passing through the solenoid valve, 1 3/8 inches of 
1/4-inch copper tubing and 7/8 inches of tygon tubing, the 
tracer solution was injected through a short hypodermic 
needle into the water stream at the entrance to the ex-
changer. 
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Heat Exchanger Model (Figures 3 and 4). The heat 
exchanger model was made of clear Plexiglas so that flow 
patterns could be observed and so that the conductivity 
probe could be easily positioned. The exchanger was de-
signed in such a way that baffles could be easily re-
placed or baffle spacing changed. Seven-inch square 
flange plates, made of l/4=inch clear plastic sheet, 
were attached over each end of the seven sections (5-
inch o.n. Plexiglas tube--4 1/8 inches long, 1/4-inch 
thick). The flange plates were bonded to the tube by 
using a thick solution of Plexiglas in chloroform as 
a glue. The baffles were seven~,inch squares of clear 
Plexiglas sheet, cut to block approximately 80% of 
the flow area and to allow passage of seven 5/8-inch 
O.D. monel tubes which ran, from baffle to baffle, the 
entire length of the model. A threaded opening immedi-
ately after the forward flange of each section allowed 
insertion of the conductivity probe. When not in use, 
these holes were plugged with screws made of 3/8-inch 
plastic rod. The entrance to the model was through a 
brass mixing baffle into the bottom, half-way along 
the length of the first section. The outlet was in the 
top at the middle of the seventh section. One-sixteenth-
inch rubber gaskets were placed between flanges and baf-
fles, and between flanges and end plates. 
Concentration Monitoring System (Figure 5). The 
outer electrode of the conductivity probe was a hollow 
1/4-inch o.n. stainless steel rod. The inner electrode 
was the bare tip of an insulated wire, held in place in 
the center of the steel rod by non-conducting epoxy glue. 
Probes of this general type of construction have been 
found to give essentially point measurements of conduc-
tivity (3). A Leeds and Northrup conductivity monitor 
(No. 4957) applied a stabilized a-c voltage across the 
:l 
·l 
1 
conductivity probe and measured the current flowing 
through the circuit. This was presented on a .meter on 
the face of the monitor and also as a 0-10 mv. signal 
which was used to drive a.Minneapolis Honeywell Brown 
Electronik strip recorder, Model No. Y-153Xl8(VA)-X-118. 
The balancing system of this recorder was sensitive 
enough so that full scale deflection and balance re-
quired less than one second. The chart speed used was 
one inch per second. 
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IV. PROCEDURE 
A. Experimental Procedure 
The laboratory compressor was turned on, and a pres-
sure of 95 to 100 psig was maintained automatically in 
the laboratory air tank. From this tank a line led to 
the tracer storage tank, which was pressurized to between 
10 and 22 psig by the use of two pressure regulators in 
the air line. 
City water was allowed to fill the fifty-five-
gallon drum, and the pump started to fill the constant 
head tank. After this tank was partially filled, the 
second pump could be started to provide flow through 
the exchanger. Prior to a series of runs, the rubber 
hose at the exchanger inlet was disconnected to flush 
rust from the piping system, After the exchanger had 
filled with water, the three plastic screws located on 
the top were loosened to allow the exchanger to fill 
completely. Flow was then adjusted to the proper value. 
The conductivity probe was fitted with a short 
threaded plastic jacket which, because of its snug fit 
on the probe, allowed little leakage when the probe 
was screwed into place at the entrance to a section. 
The probe was screwed into the proper access hole and 
allowed to extend approximately one inch into the sec-
tion. 
After flushing the tracer line with salt solution 
from the storage tank, the solenoid valve was activated. 
Tracer flow was controlled by varying the pressure in 
the sto~age tank, with fine control achieved by use of 
the needle valve in the tracer line. Tracer flow was 
increased until a steady state conductivity reading of 
about seventy percent of the monitorrs full scale reading 
was noted. Tracer flow, at most, amounted to 1.02% 
of the water flow. ' 
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-Repeated observations were made of water flow, tracer 
flow, and conductivity monitor reading. When steady state 
was achieved (usually 10-15 minutes) the strip recorder 
was adjusted so that a reading.of zero corresponded to 
the conductivity of city water, and a reading of 100 cor-
responded to the steady state conductivity being measured 
in a particular runo In this way the response was auto-
matically normalized by the recorder circuit. The con-
centration of salt in water after the brass mixing baffle 
was not more than .0075 molar. At this and lower con-
centrations, conductivity is a linear function of con-
centration. Thus the recorded conductivity responses 
(on a percentage change basis) were also concentration 
responses. 
The solenoid valve was closed and the recorder 
started simultaneouslyo Each run was repeated until the 
recorded responses were within 5% of the average of the 
'. 
values. (Usually only two trials were necessary). 
B. Calculative Procedure 
As it was desired to obtain the transfer character-
istics for each section, the most obvious technique 
would be to take the Fourier transform of each of the re-
corded responses. Then the magnitude of the transfer 
function of Section 3, for instancep would be obtained 
as the ratio of the magnitude of the Fourier transform 
of the input to Section 4, to that of the input to Sec-
tion 3. The phase would be the difference between the 
phase of the transform of the input to Section 4 and the 
phase of the transform of the input to Section 3. 
The responses at the inlets of Sections 1,2,3,4, 
and 5 at a flow rate of 2.72 gallons per minute were 
each transformed using the method reported by Huss and 
Donegan (2). Several graphical techniques were also 
used to determine the transfer functions from the tran-
sient responseso These were then compared with the .r 
·i j 
..) 
'i 
" 
., 
I ~ I: 
j 
I 
I 
.i 
l 
I 
! 
1 
I 
l 
·I 
l 
l 
I 
13 .. 
results obtained by direct Fourier transformation of the 
transient response. 
The most promising graphical methods yield time 
constants for fitting first or second order expressions 
to the transient response. They are: 
1. A method developed by H. Thal-Larse~(5) which 
can be used to fit the transient response by 
a second order system with a time delay, using 
three points (the 10%, 40%, and 80% response 
times), 
2. 
3. 
A method developed by Oldenbourg and Sartor-
ius (4) which fits a second order system, with 
a time delay, to the transient response based 
on the location of the inflection point and the 
slope at that point, and 
A simpler method known as the Ziegler-Nichols 
methodp which fits the response by a first or-
der system, with a time delay. 
It was interesting to note that the Ziegler-Nichols 
method gave a time constant which was very nearly equal 
to the sum of the two time constants obtained from either 
the method of Oldenbourg and Sartorius or the method of 
Thal-Larsen. The difference between the magnitude of a 
transfer function calculated by transforming the input 
and output of a section ~Y the method of Huss and Done-
gan and the magnitude obtained by employing the method 
of Oldenbourg and Sartorius amounted to less than four 
decibels except at the highest frequencies investigated. 
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V. DATA REDUCTION 
Figure 6 shows experimental data taken from a strip 
chart recording of the response at the entrance of Sec-
tion 4 (run 10). Time constants were first calculated 
by.the.method of Thal-Larsen. Using times required for 
10, 40, and 80 percent change in response, a dimension-
less time constant is obtained from a curve given by 
Thal-Larsen. The larger time constant is obtained from 
another curve given by Thal-Larsen, based on the 10 and 
80 percent response times. The smaller time constant 
is then calculated by multiplying the larger time constant 
by the dimensionless time constant. 
The experimental data were next smoothed and the in-
flection point located. The slope at the inflection 
point was then drawn in, as shown in Figure 17. The 
method of Oldenbourg and Sartorius requires the ratio of 
the projection,on the horizontal axis,of the line through 
the inflection point from that point to the 100 percent 
response line to the projection of the entire line from 
0 to 100 percent response. Oldenbourg and Sartorius 
present a curve whereby knowing this ratio the two time 
constants can be determined. 
For the Ziegler-Nichols method the time constant is 
the time required for 63.2 percent response. The time at 
which the slope at the inflection point intersects the 
o percent response line is the time lag. 
A detailed sample calculation showing how time con-
stants are obtained by each of these methods will be 
found in the Appendix of this report. The procedure fol-
lowed in calculating the Fourier transforms by the method 
of Huss and Donegan is also presented in detail in the 
Appendix. 
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VI. DISCUSSION OF RESULTS 
Figure 7 shows the effect of flow rate on the time 
constant necessary to represent the response at the in-
let of a given section. Note that although the date 
are spread, a time constant accurate to about 15% can be 
obtained. The main reason for the spread is that a 
single time constant element cannot exactly represent 
the ''S"-shaped transient responses observed. This in-
ability of the single time constant element becomes 
more pronounced as we consider the higher numbered sec-
tions. The time constants (Figure 7) can be linearily 
related to the section number with about the same degree 
of accuracy. Thus for a flor rate of 1.93 gallons per 
minute, each section increases the time constant by 6.1 
seconds; for a flow rate of 2.72 gallons per minute, 
each section increases the time constant by 4.1 seconds; 
and for a flow rate of 3.51 gallons per minute, each 
section increases the time constant by 3.4 seconds. For 
plug flow the time constant would ~e zero, and for a per-
. 
feet mixer, the time constant would be the nominal hold-
ing time ( ,section volume ) or for this exchanger 
!1ow rate 
51 • '.3 \ V\, 
• 
Using this expression, a sec-
tion behaving as a perfect mixer would increase the 
time constant by 7.7 seconds for a flow rate of 1.93 gpm., 
5.4 seconds for a flow rate of 2.72 gpm., and 4.2 seconds 
for a flow rate of 3.51 gpm. The actual increases, re-
spectively, were 79%, 76% and 81% of the calculated values. 
Each section is therefore not a perfect mixer, but the ac-
tual time constant was found to be essentially a fixed per-
centage of the nominal holding time over the range of flow 
rates studied. Thus knowing a section•s volume and the 
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flow-rate, a time constant can be estimated for that sec-
tion. The ratio of time constants, 1.79:1.20:1.00, and 
...-
the ratio of flow rates, 0.93:1.33:1.73, show that the 
time constants are inversely proportional to the flow rate 
to within about 10 percent. 
' Figure 8 is a plot showing the time delay for use 
in the Ziegler-Nichols approximation to the response. 
The time delays can be linearily related to the section 
number with about 15% accuracy. It was determined that 
each section contributes 3.90 seconds to the delay at 
a flow rate of 1.93 gpm., 2.93 seconds at a flow rate 
of 2.72 gpm., and 2.36 seconds at a flow rate of 3.51 
gpm. These delays are respectively 51%, 54%, and 56% 
of the nominal holding times. For plug flow the time 
delay would be the nominal holding time, and for per-
fect mixing it would be zero. Again, the sections are 
not perfect mixers, but the actual time delay was found 
to be essentially a constant percentage of the nominal 
holding time over the range of flow rates studied. The 
ratio of time delays, 1.65: 1.24: 1.00, and the ratio 
of flow rates 0.93: 1.33: 1.73, show that the time delays 
are inversely proportional to the flow rate to within 
about 8 percent. 
As shown in Figure 9, the step function response 
curves can be represented as well or better by a first 
order system as by a higher order system. Therefore, 
it was found that an exchanger of '"n"' sections could 
be represented by the first order overall transfer func-
-11'\"t!s tion, e where "c ·:is .the time delay for a 
M6lS-\' I 
single section and e is the time constant for a single 
section, rather than by the '·'n"-th order transfer func-
-,,.'\!s 
tion, e • 
les-ic 1')""" 
'' 
J 
J 
19. 
FIGURE 8 
32 
TIME DELAY 
1.93 G.P.M. 
24 (:) 
ci5 
0 
z 
2.72 G.P.M. 
0 
0 
L&J 
"' 
_. 
)( 
16 >-4 
..J 
L&J 
0 
~ 
0 
:I: 
0 
z 
I 
a: 
L&J 
..J 3.51 GP.M. 
(!) 
L&J 
-N 
8 
SECTION ENTRANCE 
0 '-------ii.----...J.------'-----...... --__ .._ ___ __. 
• 4 r ~ 
.. 
:~' 
1(, 
J, 
i .. 
·., 
:l 
'i ··, ., 
·1 
:f 
1 
,, 
'~ 
'] 
' 'l 
: ~~ 
·0 
·" '·· 
' .·-1 
•! 
1 ~-i 
. ;~ 
I:··:? 
:, 
'.;', 
':] 
"i .~· 
1 / 
·~ 
-~ 
A 
.,~ 
' . 
. 
,.o 
.a 
.6 
.2 
Ill 
U) 
z 
0 
Q.. 
U) 
Ill 
~ 
APPROXIMATIONS FOR 
RUN 42A 
(ENTRANCE TO SECTION 6) 
ORDER e = 24 SECONDS 
DELAY=I 4 SECONDS 
FIFTH ORDER 8= 5 SECONDS 
DELAY = 6 SECONDS 
(:) EXPERIMENTAL DATA 
o ___ _,_ __ ........ _____ .....__ _ ___._ __ .a..... __ __... ___ '-----'-----IL----...L.----'---..__--___._------...... --
0 8 16 24 ~2 40 48 56 
TIME ( SECONDS) 
' 
"' .- .. , 
.I 
.
... · ·~: 
·., 
' 
., 
) 
;, 
21. 
From Figure 10 it seems that the difference between 
the fifth order system with equal time constants of five 
seconds and the first order system with a time constant 
of twenty-four seconds is not great at the low frequencies. 
Only at the high frequencies does the difference become 
appreciable and thus only where high frequency data are 
available is it possible to determine whether the first 
or fifth order system fits the data better. The follow-
ing considerations indicate that the small high-frequency 
content of the step function probably accounts for the 
results of Figure 9. 
The frequency or spectral content of input signals 
may be studied by pomparing the magnitudes of their 
Fourier transforms. For a rectangular pulse of width 
T and strength KT : 
f ( t) = K, 0 < t < T; f ( t) = 0, t < 0 and t > T 
F(jUJ)::a J~ K e-jwt dt = J ~ L 1 - e-ju>T 1 ... 
. ~~in IAJ T + j ( cos w T - 1 >1 
l F(jUj)\ 
J. 
K ( 2 - 2 cos w T) 1. 
lO 
2 
cos wT - 2 cos w T + 
A step function is nothing more than a rectangular 
pulse whose width is infinite. The Fourier transform is 
!-: or - jK, and the magnitude is K. The transform of 
JW W OJ 
a unit impulse is known to be 1 (independent of frequency). 
Graphs indicating the spectral contents of these 
types of inputs are shown in Figure 11. The plot for the 
step is arbitrarily drawn for K • .1 since for unit 
strength, K would have to be zero, as Tis infinite. It 
will be noted that the most desirable input would be the 
'i 
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24. 
unit impulse, as we could expect equal accuracy at all 
frequencies. Next would come the rectangular pulses (the 
shorter pulse being more desirable than the longer pulse--
note Figure 12 taken from Dreifke's report (1)), and 
~ 
finally the step input. Dreifke has also plotted the 
magnitudes of the Fourier transforms versus frequency 
for a variety of pulses. These plots are numbered 
Figures 13, 14 and 15 in the present report. Dreifke 
suggests using step or long pulse inputs only to obtain 
low frequency results and shorter pulse inputs for 
reasonable accuracy at high frequencies. 
It would seem that the use of short pulse inputs 
would better define the high frequency response of 
the individual sections and thus permit the formulation 
of a higher-order transfer function for the shell. 
That a first-order system could represent the response 
just as well was the result of the small high frequency 
content of the step input. 
A sample calculation of the exchanger's transfer 
function based on the preceding analysis is given below. 
Sample Calculation 
Section volumes: 57 cubic inches 
Flow rate: 2.72 gpm. (10.47 cubic inches per 
second) 
Nominal holding time: 5.4 seconds 
Calculated time constant: 78 percent of 5.4 
9 = 4.2 seconds 
Calculated time delay: 53 percent of 5.4 
1 m 2.9 seconds 
As the exchanger has seven sections, 
transfer function is estimated to be 
-~.~1(1~ -205 
e ~ e. 
4,1.,c15 + I 2tS + I • 
the overall 
The response of a system having this transfer function 
,.!_ 
' 
. i 
I 
1 
i 
',l 
l 
:1 
J 
)ti 
_.\ 
,,''i 
is compared with the actual response (Runs 21a and 54) 
in Figure 16 • 
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VII. RECOMMENDATIONS 
Because of.the greater high-frequency content of 
the short pulse, a short pulse rather than a step dis-
turbance might be used to better establish the dynamics 
of each section. 
It is recommended that each sectio~'s transfer 
function be plotted (in the frequency domain) in order 
to obtain the parameters necessary to describe the 
baffled section. This should prove more reliable 
than working in the time domain to obtain these para-
meters. An analog computer could be set up to perform 
Fourier analyses on input and output, thus directly 
yielding a section's transfer function with a minimum 
of computational labor. 
It is further recommended that not only flow rate, 
but baffle spacing and baffle '·'cutu be investigated as 
variables. 
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VIII. APPENDIX 
A. Sample Calculations 
1. Fourier transform of step response. 
The step response (for a linear system) can 
be considered to be the sum of a pulse (y,) 
and a step. 
-------------
0 ~~-------4 .~------
0 T 
l\ME 
The Fourier transform of the response is 
then 
F t y (t) 1 = 
= 
F t Yl ( t) \ + F t step 1 
JO
T 
y e -jt.ot dt + 
1 
S
dJ 
e-jwt dt 
T 
S
T -juit dt = 6.t "\ Y.n sinZ cos (2n-l)Z 
where y1 e L. 
0 Z 
and 
-jb.t I yn sinZ sin(2n-l)Z 
z 
by the method of Huss and Donegan (2) 
r e-jt..ut dt • - sin WT cos WT 
T IA.I - j W • 
I ,'~ 
f ' 
I 
r'. I 
' ,, 
f 34. 
•,. 
2. Fourier transform of run 6A for 
W= .03 2 (6t CII ]' , Z = .01) 
Response 
n 
Step Dowii- .;Sttp up sinz cos (2n-l)Z. sinZ sin(2n-1)2. 
(yn) z z 
1 .780 .220 1.0000 .0100 
2 .330 .670 .9996 .0300 
3 .-226 .774 .9988 .0500 
4 .175 .825 •• 9976 .0699 
5 .150 .850 .9960 .0899 
6 .131 .869 .9940 .1098 
7 .120 .880 .9916 .1296 
8 .110 .890 .9888 .1494 
9 .097 .903 .9856 .1692 
10 .089 .911 .9820 .1889 
11 .083 .917 .9780 .2085 
12 .078 .922 .9737 .2280 
13 .070 .930 .9689 .2474 
14 .062 .938 .9638 .2667 
15 .055 .945 .9582 .2860 
16 .050 .950 .9523 .3051 
17 .048 .952 .9460 .3240 
18 .042 .958 .9394 .3429 
19 .039 .961 .9323 .3616 
20 .037 .963 .9249 .3802 
21 .033 .967 .9171 .3986 
22 .031 .969 .9090 .4169 
" '! 23 .029 .971 .9005 .4350 
24 .028 .972 .8916 .4529 
25 .. 027 .. 973 .8823 .4706 
26 .025 .975 .8727 .4882 
27 .023 .. 977 .8628 .5055 
28 .022 .978 .8525 .5227 \ 
.·, 
35. 
Response 
n Step Down Step up sinZ cos (2n~l)Z sinZ sin(2n-l)Z. 
(yn) z 1-
29 .021 .979 .. 8419 .. 5396 
30 •. 021 .979 .8309 .5564 
31 .020 .980 .8197 .5729 
32 .019 .981 .8080 .5891 
33 .017 .983 .7961 .6052 
~ Yn sin Z 
2
cos (2n-l)Z. L. = +27.6414 
M:\ 
~ y n sin Z sin (2n-l )Z. L = +10.0530 
z 
Fourier Transform =tt ! yn sin Z cos(2n-l)Z. _ si:i"IT 1 
/\':I z 
-j ( .c\.t 2'. ynsinZ sin (2n-l)Z 
r...,\ z 
+ cos::: T] 
= [i (27 .6414) - sin .66] 
.03 
- j L~ (10.0530) + cos -~g31 
= -2.01 - 33.03j 
\ Fourier Transform \ = 33. 09 
_, 
phase = tan -33.03 = _93•50 
-2.01 
3. Method of Thal-Larsen (5) 
Data from Run 42A have been plotted in Figure 17. 
The method of Thal-Larsen requires only that the times 
of 10% (t1), 40% (t2), and 80% (t3) response be known. 
From Figure 17, these times are found to be 16.2, 26.6, 
ti ! I I· 
I 
I 
l 
! 
I 
i 
I 
,: 
< :i 
I ' 
'· 
j 
1 j 
i 
l 
I :, 
I 
and 49 seconds. The quotient t3•t1 is formed and 
t2-t1 
f d t b 49 - 16.2 oun o e 26•6 _ 16•2 • 3.15. Entering the plots 
given by Thal-Larsen for a second order system, the 
dimensionless time constant is 0.33 and the ratio 
= 32•8 = 19.5 seconds 
= 1.68 
-e, 
0 2 = 19.5 x 0.33 = 6.4 seconds 
4. Method of Oldenbourg and Sartorius (4) 
Data from Run 42A have been plotted in Figure 17. 
The method of Oldenbourg and Sartorius requires loca-
tion of the inflection point and the tangent line 
through this point. The data are first smoothed, as 
shown, and then the inflection point located and the 
slope drawn in. The ratio, Tc, is determined to be 
1A 
36. 
26 ~ or o.76. From the plot presented by Oldenbourg and 
Sartorius, 9 2 . is found to be 0.18. 
Ta 
0 
2 
= 0.18 X 34 = 6.1 seconds 
0
1 
= Tc - 92_ == 26.0 - 6.1 = 19.9 seconds 
The time delay is the time at which the slope inter-
sects the 0$ response line--in this run, 13 seconds. 
t 37. 
,, ' 
5. Method of Ziegler and Nichols (7) 
The data from Run 42A have been plotted in Figure 17. 
The time delay is the same as that used in the method 
of Oldenbourg and Sartorius. The time constant is the 
time between the intersection of the slope at the in-
flection point and the 0% response line, and the 63.2% 
response--in this case, 23 seconds. 
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VIII. APPENDIX 
B. Summary of calculated Values 
As the data was recorded continuously on a strip 
recorder, no attempt has been made to give the origi-
nal data in this report. The time constants and time 
delays obtained from the strip recordings are pre-
sented here (in seconds). 
Entrance TIME CONSTANTS 
39. 
to Time Thal- Oldenbourg Ziegler 
GPM Section Delay Larsen Sartorius Nichols 
1.93 1 0.2 o.9 
2 2.4 7.2,2.3 5.2,2.6 8.0 
3 5.3 15.0 
4 8.5 17.8,4.1 19.3,1.7 20.2 
5 13.3 20.6,10.3 29.0,l.4 28.5 
12 .. 9 17.2,11.7 13 .. 0,11.0 25.3 
6 22.0 25.6,905 25.2,6.7 31.7 
18 .. 3 24.2,8.7 19.2,5.9 27.2 
7 26.0 26.7,11.5 28.0,8.7 35~0 
23 .. 7 27.1,10.6 26.0,5.7 32.3 
8 23.8 22.0,18.0 22.9,7.8 34o4 
29.7 29.4,9.1 21.1,19.9 38.0 
2.12 1 0.2 Oo,9 
2 1.2 5.8,1.0 5.2,0.5 6.0 
3 4 .. 0 12.4,0.l 9.5,1.0 12.0 
4 6.0 13,0,l.8 12.2,0.8 13.6 
5 8.0 15.2,4.5 13.5,6.5 19.2 
19.2,5.0 16.3,4.6 21o9 6 15.5 
13.6 18.0,5.9 14.8,7.2 20.1 
18.8,6.2 
7 18.0 19.1,9.0 1S,3,4.8 24.8 
17.0 19.o,8.6 17 .. 9,6.1 28.7'. 
8 18.0 18.6,10.8 24.5,3.8 26.7 
19.3 18.0,9.7 20.2,6.8 25.5 
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Entrance 
to Time 
GPM Section Delal 
(Continued) 
3.51 1 0 ... 3 
2 1 .. 5 
3 2 ... 7 
4 4 .. 5 
5 8 ... 5 
6 10.3 
9.8 
7 13.3 
13.5 
8 13.5 
14.2 
T I M E 
Thai-
Larsen 
4.5,0.7 
10 .. 3,0.0 
12 .. 1,1.1 
12 .. 7,4.4 
12,6,7.8 
9.7,9.7 
13.7,6.2 
14.5,8.1 
40. 
CONSTANTS 
Oldenbourg Ziegler 
Sartorius Nichols 
1 ... 0 
2.7,1 .. 3 4 ... 2 
7 ... 9,2 ... 4 9.-5 
11 .. 0,1 ... 5 13 .. 1 
10 ... 8,3 ... 4 15 .. 2 
12.6,6.1 18.7 
17.4 
12.1,5.7 18.7 
18.3 
14.2,6.9 20.6 
21.4,2.6 21.2 
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